Abstract: This paper presents a real-time simulation with a hardware-in-the-loop (HIL)-based approach for verifying the performance of electrolyzer systems in providing grid support. Hydrogen refueling stations may use electrolyzer systems to generate hydrogen and are proposed to have the potential of becoming smarter loads that can proactively provide grid services. On the basis of experimental findings, electrolyzer systems with balance of plant are observed to have a high level of controllability and hence can add flexibility to the grid from the demand side. A generic front end controller (FEC) is proposed, which enables an optimal operation of the load on the basis of market and grid conditions. This controller has been simulated and tested in a real-time environment with electrolyzer hardware for a performance assessment. It can optimize the operation of electrolyzer systems on the basis of the information collected by a communication module. Real-time simulation tests are performed to verify the performance of the FEC-driven electrolyzers to provide grid support that enables flexibility, greater economic revenue, and grid support for hydrogen producers under dynamic conditions. The FEC proposed in this paper is tested with electrolyzers, however, it is proposed as a generic control topology that is applicable to any load.
Introduction
The widespread adoption and deployment of distributed energy resources (DERs) is one of the most dynamic features of the modern-day electric grid. Consequently, numerous changes are occurring within the planning, operation, and business models of electric utilities. The Electric Power Research Institute defines a DER as, "smaller power sources that can be aggregated to provide power necessary to meet regular demand" [1] . The increasing DER penetration is due to numerous factors harnessing local resources, reliability, resilience, renewable energy portfolios, targets, and so forth. A significant challenge with increasing the penetration of DERs is a very limited observability of energy penetration within the distribution networks. Utility operators can face numerous challenges when active power sources such as DERs do not provide observability and controls. The observability and controls can become quite involved on the basis of the type, ownership, operational characteristics, and so forth of the DER. Another complicating trend in the changing landscape of the electric grid is the increasing penetration of renewable energy sources, such as solar and wind power plants, at the transmission or subtransmission levels of the electric grid [2] . Utility-scale renewables pose challenges; however, utilities tend to have a higher level of observability and even controllability of the feeds from such large renewable energy plants. The increase in the penetration of DERs is fuelled by the reduction of costs and efficiency improvements in technologies such as solar photovoltaics, wind, fuel cells, battery storage, and so forth. Overhauls in utility business models and supporting regulatory framework, as well as increased social acceptance, are non-technical factors that are supporting increased DER penetration. A detailed report [3] discusses the types of DER, an assessment of benefits, and coordination with utility operation and markets for the United States. The report also points out the ways that DER penetration and adoption can lead to an increased global benefit in financial markets. However, there is still a significant amount of work that needs to happen with research, implementation, policy, business models, and regulatory framework. Globally, an increase in the electricity production from renewable energy resources is being observed. In the European Union, electricity production from renewable energy resources doubled from 500 TWh in 2005 to almost 1000 TWh in 2015 [4] , and in the United States, this increased from approximately 350 billion kWh in 2005 to 520 billion kWh in 2015 [5] . To support the increasing levels of DER penetration, the electric grid also needs greater levels of flexibility and stability at the distribution network level.
DERs introduce peculiar challenges depending on the location of their connection to the power grid. Within distribution networks, DER-related challenges are bidirectional flows, maintenance, protection system settings, back-feed of faults, and so forth. For DERs that are spatially dispersed within distribution networks, additional challenges arise as a result of the inherent variability and stochasticity of input resources. For large-scale renewable energy plants, the necessary flexibility in the grid can be ensured by optimally managing their dispatching and other key controllable sources such as hydropower [6] . With smaller and spatially dispersed DERs at significant penetration levels, utilities have to look beyond the traditional techniques of managing uncertainty. Community-based aggregators, energy storage, and controllable loads are deemed as key enablers of a higher penetration of DERs. These technologies can significantly add flexibility and stability in distribution networks, as they can be spatially dispersed and are also controllable.
DERs co-located and integrated with energy storage can augment reliability and resiliency of electric grids on a local scale as well as for critical loads [7] [8] [9] . Loads can be effective in mitigating congestion issues that occur when the capacity of some distribution lines are overloaded [10] . This type of contingency may happen far from the typically centralized grid operator controls. Local, active load-side curtailment has the potential to support peak demand reduction, transient mitigation, and fault ride-through events [11] . For example, consumers can enroll in demand response programs for monetary compensation, which allows the utility to curtail their power consumption during certain high peak hours of the day. As a result, the grid operator can ensure the balance of power and energy without violating operational constraints. However, load-side management is expected to play an important role in supporting grid operation; thus the idea of smarter loads is gaining attention. Smarter loads have a more flexible and intelligent control strategy so that power adjustment can be more timely and accurate. Smarter loads as a fleet can bid a greater cumulative power capacity to the wholesale power markets. Therefore, loads with a wide operation range and low life cycle impact due to variable operation can be considered as potential candidates for smarter loads.
Hydrogen is considered an attractive and versatile alternative energy carrier [12] , mainly for its high calorific value [13] and low environmental impact [14, 15] . One of the main factors that hinders its widespread adoption is its low specific energy density at ambient pressure and temperature [16] . Compression and transportation at higher pressures and lower temperatures of hydrogen are the main reasons for high cost within hydrogen delivery systems [17] ; hence distributed rather than centralized hydrogen production is favored [18] . Electrolyzers are one of the techniques used to produce hydrogen and can also be optimized by co-location to enhance integration with renewable resources [19, 20] . There are two main types of low-temperature electrolyzers, namely, alkaline technology that uses liquid electrolyte and proton exchange membrane (PEM), which replaces the liquid electrolyte with a solid polymer electrolyte. The typical efficiency range of PEM electrolyzers is between 82% and 97% [21] . In general, electrolyzers for hydrogen generation in transportation and industrial processes can be connected to either transmission or distribution networks. The size of the electrolysis plant, rating, hydrogen requirement, and so forth are the factors that determine the interconnection of the electrolyzers into the power grid. This paper focuses on demonstrating the applications of centralized and distributed electrolysis to add flexibility to the grid via real-time simulation.
As summarized previously, a key trend in the distribution networks is a greater deployment of DERs, which leads to variability and uncertainty of power generation. The variability of generation as a result of DERs can be characterized on spatial and temporal bases. Conventionally, the necessary flexibility to account for and assimilate this variability and uncertainty was produced by the ramping of centralized, conventional generators connected to the transmission networks. With the large-scale penetration of DERs, the flexibility provided by the ramping of conventional generation is insufficient, leading to critical grid management issues. There are two ways to provide flexibility in a spatial and temporal basis, namely, energy storage and load management. The advantage of deploying energy storage and flexible loads is that these can be co-located or proximally located to the DERs and hence provide a potentially more effective solution. In this paper, we elaborate upon and demonstrate the capabilities of an electrolyzer based on real-time simulation and hardware-in-the-loop (HIL). The choice of electrolyzers for demonstrating flexibility addition to the grid is based on the increasing hydrogen demand for transportation and its inherent controllability at a subsecond-level time resolution. This describes the ultimate objective of adding flexibility via loads from the distribution network. Following are the key technical contributions of the paper:
1.
A generic front end controller (FEC) that can coordinate the operation of any load with the requirements of the grid and power markets.
2.
Characterization of a 120 and 250 kW electrolyzer system that is used for hydrogen refueling on the basis of real-time simulations and HIL. 3.
Application of the FEC to the electrolyzer stack and demonstrating the response of functionalities to grid variations and price signals.
4.
Performance of electrolyzers on the basis of typical demand response program signals for revenue enhancement.
The paper is organized into the following sections: Section 1 provides background information related to the need of smarter loads providing flexibility to the grid; Section 2 describes the FEC, which enables controllability of loads such as eletrolyzer systems used in hydrogen refueling stations; Section 3 details the description of the 120 and 250 kW PEM electrolyzer stack; Section 4 discusses the real-time simulations with controllable hydrogen refueling stations providing grid support; and Section 5 concludes the research findings of the paper.
Front End Controller
In order to provide flexibility to grids, smarter loads must be capable of adjusting their power consumption according to the market and grid conditions. Complementary adjustments of power consumption by loads can add flexibility to the grid. At suitable intervals of time, the grid and market requirements need to be communicated and interpreted to the load in order to determine complementary consumption. Nevertheless, the participation by controlled loads into such power markets should not affect their basic functionalities and purpose. A generic FEC is proposed in this paper to address all these missing gaps in the functionalities of lower-level controllers of any load. The FEC is expected to seamlessly integrate with existing Lower Level Controllers (LLCs) and evolve to form a single-device controller for the next-generation loads. The proposed FEC and its interaction with the rest of the power grid, management systems, and load is shown in Figure 1 . 
Modules in the Front End Controller
As shown in Figure 2 , the proposed FEC comprises three main modules-communication, interpretation, and optimization. These modules provide all the essential functionalities that are necessary to generate real-time complementary load profiles.
1.
Communication module: The communication module in the FEC is designed to communicate with a higher-level grid management system including load aggregators, which are being widely adopted. The communication module is Internet-based and ensures interoperability between the underlying device and grid management systems. In many power markets around the world, smarter loads are expected to enroll in multiple service markets [22, 23] , and hence there is a need for a broad set of communication protocols. The types and details of services requested by the grid management systems must be accurately recognized by the controller on the basis of the signals received and must respond accordingly.
2.
Optimization module: In addition to responding to price signals, controllers should spontaneously generate an optimal power adjustment value in response to grid events such as voltage and frequency transients. On the basis of the information measured at its terminals, smarter load controllers need to have an optimization module that can determine and compute the desired power consumption. To simultaneously provide responses to market and grid signals, two types of optimization are categorized, namely, fast and slow loops. Optimization focused on market participation is called slow-loop optimization, whereas optimization in response to grid events is called fast-loop optimization. The proposed time resolution of the slow and fast loops correspond to the market resolution and milliseconds, respectively. The optimization module returns a load adjustment value that can benefit the load owner by providing a response to a market signal and a grid event. This load adjustment as a reference power value needs to be communicated to the LLC. 3.
Interpretation module: Typically, LLCs of any load comprise the closed loop controls that require an input reference value in the form of an equivalent value of current or voltage. Hence, there is a need for interpretation between the power set point determined by the optimization module and the requirement of the input by the LLC of the load. The interpretation module also contains an accurate model of the controlled load, to ensure normal and safe operation of the load within prescribed limits.
In this paper, a generic FEC integrating the aforementioned three modules has been developed for the purpose of driving a smarter load. The feasibility of the FEC has been proved by digital real-time simulation (DRTS). As referred to previously, the ultimate objective of the development and demonstration of the FEC in DRTS is that it will become a part of the LLC as a single controller. 
Front End Controller Operation and Customization for Electrolyzers
The optimization module as explained above has primarily fast and slow loops. In distribution networks, the ratio between line reactance and resistance is much lower than in transmission networks. Additionally, real and reactive power are not fully coupled with voltage and frequency, respectively. Hence, we can utilize real power adjustment to mitigate both voltage and frequency distortions. This task is fulfilled by fast-loop optimization, which generates the reference load values on the basis of Equations (1) and (2), considering the largest deviation between voltage or frequency:
Here ∆ f is the frequency error between reference f re f and the f measurement, ∆V is the voltage error between reference V re f and the V measurement, P is the current power consumption, and P re f is the power reference for the electrolyzer calculated by adding P and the computed adjustment ∆P. R is the droop rate, which is customized on the basis of the tuning of controls.
In the slow loop, we demonstrate the functionality of response to pricing signals on the basis of peak and off-peak pricing of electricity. However, this optimization can be as complex as needed to accommodate power purchase agreements between utilities and consumers. Because the off-peak price is always more attractive than the peak price, the key rule followed by the slow-loop optimization is always to produce as much hydrogen as possible during the off-peak price period. The slow loop has to ensure that the hydrogen storage at any time is sufficient to provide the demand, which is considered as the expected operation. Every 15 min, it will estimate the hydrogen sales for the next hour and determine the proper amount of power consumption to satisfy this requirement. Although the power set point is decided for the next hour, this is reexamined every 15 min. After 15 min, a new optimization cycle is performed to account for unforeseen high demands. The slow loop uses a receding optimization strategy, and it also mitigates the influence of prediction error. The slow-loop optimization is summarized as follows:
If it is off-peak between T K and T k+1 :
else
end. H k is the hydrogen stored at time k, H max is the maximum storage possible, H min is the minimum hydrogen requirement at all times, P k is the power of the electrolyzer at time k, P max is the maximum allowed power consumption, and P min is the minimum required power consumption. G is the conversion coefficient between power (kW) and hydrogen (kg). W k is the hydrogen sales prediction between T k and T k+4 , where T k+4 − T k = 1 h, implying that the slow loop time resolution is 15 min. It is assumed that the fast loop does not activate between the iterations of slow loop optimization, as shown in Figure 3 . A flowchart depicting the overall operation of the FEC, including both fast and slow loops, is shown in Figure 4 . In other words, fast-loop adjustments to the real power consumption only happen inside an iteration of the slow loop. The overall power reference value is computed as follows (P k is from the slow loop and ∆P is from fast loop): 
Characterization of the Electrolyzer Stack
Electrolyzers require a balance of the plant to manage the electrical, fluid, pressure, and temperature aspects of operation and hydrogen storage. For electrolyzers to provide a response to grid and market signals, the response time and controllable range of power consumption are critical parameters. The commercially available electrolyzer systems are not designed for quick responses, but rather, for long-duration hydrogen production. Therefore, they are typically sold as a complete system that restricts the custom control of individual components. Under normal operation, the user only sends a start or stop signal to control the electrolyzer power consumption and hence hydrogen production. This level of control does not reflect the full capability of electrolyzers to respond to large power-change requests quickly.
Researchers at the National Renewable Energy Laboratory (NREL) have developed the Stack Test Bed (STB) research facility, where each component of the electrolyzer balance of a plant can be controlled. The custom control system for the STB allows the demonstration of the full capability of electrolyzers and components that constitute the balance of the plant. The STB includes a de-ionized water system, heat exchangers, power rectifiers, pumps, phase separators, desiccant beds, and process connections for both hydrogen and oxygen. Various transducers are also installed throughout the STB to measure the pressure, temperature, dew point, flow and hydrogen content. The current test articles are two PEM electrolyzers-a 50 cell of 120 kW (930 Standard Cubic Feet per Hour (SCFH)) and a 100 cell of 250 kW (1989 SCFH). These are supplied by two rectifiers rated to 250 V and 1000 A each. The 250 kW stack is considered by the manufacturer to be the building block for megawatt-scale systems that are penetrating the market for large-scale energy storage. The 250 kW STB at the NREL (which was at 120 kW prior to upgrades during the study period) was used to generate the results presented in this paper.
Past research has demonstrated the subsecond response of PEM electrolyzers [24] , but this demonstration considered electrolyzers already consuming power at steady state. Electrolyzers starting from a "cold start" (i.e., no power to any balance of plant components) exhibit a longer response time. The start-up time is largely due to the speed at which water is supplied to the stack. The electrolyzers used for this study required an adequate supply (>50 gpm) of high-purity water (>1 MΩ-cm) for electrolysis and to remove heat. Thus, experiments must wait for the pump to start and flow to reach the minimum level before consuming electricity with the stack. An alternative option is to operate the stack in a low-power, steady-state mode when production is not needed. Then, quick responses can be obtained, and hydrogen waste is minimized. The performance of the electrolyzer systems under various load profiles was measured and is presented. The electrolyzer system was operated on different load profiles, including a ramp, known patterns, and random values that included changing the power set point from 10% to 100% in 1 s through the FEC programming. In all cases, the electrolyzer accurately followed the control signals that were generated by the FEC and also preprogrammed scripts used for testing. The results for the 120 kW stack are summarized in Table 1 . The efficiency of the electrolyzer system decreases with an increasing current and increases with a decreasing temperature of the stack. Thus, users should consider efficiency penalties when operating under various load profiles. The efficiency of stacks and power supplies was also measured at various power and temperature levels. Hydrogen production efficiency for the 250 kW stack is given with respect to the higher heating value of hydrogen (HHV) in Figure 5 ; power supply efficiency is given in terms of the fraction of DC power rectified from the input AC power is shown in Figure 6 . 
Real-Time Simulations and Test Results

Test Approach
Real-time simulations were performed to assess the functionalities of the FEC with all the three modules integrated under dynamic market and grid conditions, as shown in Figure 7 . The electrolyzer STB with the Supervisory Controls and Data Acquisition (SCADA) system was interfaced with the DRTS via analog signals to provide a real-time connectivity. The FEC was simulated as a real-time control system block that receives inputs from either the SCADA measurements of the STB or the real-time model of the electrolyzer. The input and output signals needed by the FEC to control the electrolyzer are as shown in Figure 8 . The standard IEEE 34 feeder distribution system was used to perform dynamic simulations and is widely utilized for DER integration tests [22] , as shown in Figure 9 . The detailed specifications of the IEEE 34 feeder distribution feeder system are also provided in [22] . The simulations conducted for DRTS could precisely simulate the real-time dynamics of electric grids and have been solved at a 300 µs time-step. For the fast-loop testing, the simulation comprised a DRTS with a model of the electrolyzer on the basis of characterized data recorded during the stack testing [24] . For these tests, it was expected that the FEC could drive the electrolyzer power consumption such that it would provide support to the voltage and frequency stability. The input measurements for the fast-loop testing were local and were obtained via current and voltage transformers at the interconnection of the electrolyzer and grid. In the slow-loop testing, it was expected that the FEC could drive the electrolyzer to produce the cheapest hydrogen possible. For the slow-loop testing, the electrolyzer hardware as HIL driven by the FEC signals in DRTS was used. 
Tests for Fast-Loop Optimization
For testing the fast-loop functionalities, the support from a centralized, large hydrogen refueling station (105 MW) and a distributed, small hydrogen refueling station (1.05 MW) were assessed separately. These two cases resemble the two main types of electrolyzer system deployments in electric grids, namely, centralized and distributed. The electrolyzers for both the cases were physically connected to bus no. 802, as shown in Figure 9 . The droop coefficient of the fast loop in FEC was set to −100 for both the assessments.
Electrolyzers Providing Frequency Support
A 20-cycle three-phase balance fault was simulated at bus no. 802 to create frequency transients, and the response of the large electrolyzer was observed. Figure 10 shows the frequency support from the large-scale electrolyzer with and without the FEC. It shows that with FEC control, the frequency deviation could be reduced from 0.02 to 0.01 Hz. The third plot in Figure 10 shows the adjustment of the electrolyzer power on the basis of the computation of FEC to help provide frequency support. Figure 11 presents the frequency support from the small-scale electrolyzer with and without FEC. In this set of tests, a one-cycle three-phase balance fault was simulated at bus no. 802. This showed that, with FEC control, frequency deviation is reduced from 0.003 to 0.001 Hz. The smaller electrolyzer provides relatively lower support, as expected; however, for this type of deployment, there will be numerous other electrolyzers connected in the system. 
Electrolyzers Providing Voltage Support
A 50 MW load was added to bus no. 802 as a step load to simulate a voltage transient, and the response of the large electrolyzer was observed. In Figure 12 , the difference in the voltage response to a sudden load change with and without the control of FEC on a large-scale electrolyzer is shown. Without the FEC controlling the electrolyzer, the voltage can drop from 0.95 to 0.88 p.u, but with FEC control, the lowest voltage value is 0.89 p.u. which improves to 0.94 p.u. on the basis of the curtailment. Figure 13 demonstrates the response of the FEC-driven small-scale electrolyzer to an abrupt 2 MW load change. The first plot shows that without FEC control, the voltage drops to 0.015 p.u, but with FEC control, the voltage drop is less than 0.001 p.u. 
Tests for Slow-Loop Optimization
There are two main demand patterns that the slow loop has to consider-electricity pricing and hydrogen fuel demand. In the slow-loop testing, the optimization performance according to the peakand off-peak-time price difference of electricity was assessed and hydrogen was produced at the best possible price for a 24 h cycle. However it is expected that prior to the high fuel demand period, State Of Charge (SOC) can be maximized to ensure hydrogen demand is met, whereas for the low fuel demand period, the SOC must be maintained above the specified minimum value and eventually increased as needed. In any case, the priority of producing hydrogen in case of unexpected demands is the highest. Figure 14 shows the test result when the initial SOC was set at 10% while the minimum SOC was set at 10% for an average-sized hydrogen refueling station with a maximum rating of 5 MW. The off-peak time for electricity pricing was set between 8 p.m. and 7 a.m. the next day, while the rest of the time was set as the peak price time. The test result shows that during the off-peak time, the SOC was charged to the preset maximum value of 95%. After processing a typical fuel demand profile, the minimum SOC observed was 10.95%. The power consumption of the electrolyzer during the peak time was maintained at a minimum, and during the off-peak time with a low SOC, the electrolyzer power consumption was maximized in order to produce cheap hydrogen. More complex optimization could be introduced in this case to match the contractual pricing mechanisms between the electrolyzer operator and utility to reduce the cost of hydrogen. 
Demonstrating Demand Response Participation
On the basis of the slow loop described above, the FEC can easily facilitate the participation of electrolyzers in demand response programs for enhanced revenue. Hydrogen refueling stations, which are essentially electrolyzers similar to the STB, are increasingly being deployed in the San Fransisco Bay Area, Southern California, and northeastern metropolitan cities such as Washington D.C. The configurations and ratings adopted for deploying hydrogen refueling stations are diverse and are transitioning to becoming a substantial load. The centralized large electrolyzer station is typically connected at subtransmission levels and requires hydrogen to be transported to the refueling stations. For the distributed small electrolyzer plants, hydrogen is produced on-site, stored, and then dispensed based on demand. In any case, hydrogen generation through electrolysis can be a unique candidate for participating in demand response programs. Sample demand response program-based profiles from the Pacific Gas and Electric (PG&E) utility under the "Peak Day Pricing" are used to operate the STB at the NREL using the FEC [25] . The two sample profiles E-19 and E-20 are used to operate the STB at the NREL with real-time signals, and the results are shown in Figures 15 and 16 . These profiles were adopted for their magnitudes, and the duration of maintaining a particular level of consumption was reduced from the minutes to seconds level, for ease of experiment. The electrolyzer in the STB at the NREL has already been tested to maintain a constant power consumption for any desired amount of time. There are numerous protocols being adopted to demonstrate pilot projects related to demand response around the world. The computation of the exact economic compensation due to participation in demand response programs is out of scope. However, if the electrolyzers are able to satisfy hydrogen demand by participating in such programs, this will lead to an enhancement of revenue based on agreements. 
Concluding Remarks
This paper has discussed the growing need of flexibility in electric grids, particularly distribution networks, on account of the growing variability and uncertainty in DERs. This paper presents controllable loads, such as electrolyzers, as enablers of flexibility in the electric grids and hence assists in the assimilation of the DER-related challenges. The required "awareness" for loads can be added with the implementation of FECs such as that demonstrated here. The three modules in the proposed FEC are communication, interpretation, and optimization. The two control loops within the optimization module are fast and slow loops for grid services and the market, respectively. The FEC acts as a connecting link between the load and a higher grid management system to generate techno-economically optimal operating regimes in real-time for loads.
The controllability of electrolyzers in the subsecond level time regime is utilized with the FEC to demonstrate grid support and load management programs. With the flexible electrolyzer operation, the paper demonstrates automated participation in demand response programs, local voltage support, frequency support, and so forth. Hydrogen refueling stations predominantly use electrolyzers for producing hydrogen that is used as transportation fuel. Centralized electrolysis is used for large, commercial hydrogen manufacturers that supply mostly industrial processes with hydrogen as the fuel. For a large (105 MW) electrolyzer with and without the FEC, the frequency deviation was reduced from 0.02 to 0.01 Hz. Similarly for a small electrolyzer, the frequency deviation was reduced from 0.003 to 0.001 Hz. For large electrolyzers with and without FECs, the voltage deviations were limited within the range of 0.94 and 0.89 p.u. and 0.95 and 0.88 p.u., respectively. The simulation case for the small electrolyzer with and without FEC driven electrolyzer led to a voltage drop of 0.001 and 0.015 p.u, respectively. The values provided here are for a set of typical power system events simulated in real-time for the IEEE 34 node feeder system. The slow-loop optimization test on the basis of on-peak and off-peak prices of electricity led to supplying a typical hydrogen demand with the lowest and highest SOC of 11% and 95%, respectively. A couple of real-world demand response programs were also sent as signals to the electrolyzer stack with the FEC, and the response that was obtained was sufficient. It is noted that grid services at the distribution network are not currently being compensated for, particularly if provided by loads, except for in the case of demand response-type programs. The two major outcomes of demonstrating electrolyzers as controllable loads have been satisfied, namely, the desired operation of electrolyzers to optimize revenue with hydrogen demand being satisfied and no impact on the life of the load itself.
